Abstract. The YbF2 and YbF3 crystals were studied within the embedded cluster model. The small core relativistic pseudopotentials for the central Yb atom (42 valence electrons) and embedding potentials for Yb and F atoms were constructed. Chemical shifts of Kα1 and Kα2 lines of X-ray emission spectra (XES) were calculated using non-variation one-center restoration technique and relativistic density functional theory (relDFT) with the hybrid exchangecorrelation functional PBE0. It was done in the YbF9Yb12F24 cluster simulating the YbF3 crystal with respect to YbF8Yb12F24 one representing the YbF2 crystal. The resulting estimates are 628 meV for Kα1 and 559 meV for Kα2 and their weighted mean agrees within 10% with the experimental value, 557±27 meV. In turn, the weighted relativistic Hartree−Fock (relHF) calculation is higher on 20%. It indicates that the incorporation of electron correlation effects is essential for reproducing the Kα1, 2 chemical shifts.
INTRODUCTION
Ytterbium is one of the lanthanides with favorite valences II and III. The ground state of the ytterbium atom has the electronic configuration [Xe] 4f146s25d0. When the Yb atom is in the divalent state, two electrons from the outermost 6s orbital are involved in the formation of chemical bonds. In its trivalent state, one electron additionally leaves the 4f shell. Such a change of the electronic density in the spatial outercore region (where 4f shell is localized) results in a large chemical shift (ChSh) of the characteristic X-ray emission lines (XES) on Yb. Therefore, the determination of the XES chemical shifts can be an efficient tool for studying changes in the valence states of d and f elements in a chemical compound [1] - [5] .
In the present study, the theoretical modeling of the cluster embedded in the YbF2 and YbF3 crystals is carried out and the quantum chemical calculation of XES chemical shifts for Kα1 and Kα2 lines on ytterbium is performed.
PROBLEM
The XES lines of a heavy atom corresponding to electronic transitions from one inner shell to the other one are characteristic lines for the atom. However, for the same atom in different chemical compounds (or in different valence states), these lines are slightly shifted in relation to each other. The difference between these energies of the inner-core electron transition is known as the XES chemical shift.
The XES chemical shift is a property associated with the spatial core region ("core" property [6] ), which is most sensitive to changes of the electron density of valence electrons in the core region. Thus, by studying the chemical shift on an atom, we can estimate the effective valence state of this atom in the compounds under consideration. Therefore, to obtain a reasonable theoretical value of XES chemical shift we need to correctly determine the electronic density near the nucleus under study.
In the present work, the XES ChSh on ytterbium in the YbF3 crystal compared to the YbF2 one are evaluated via simulating the electronic structure of the crystals in the frames of the embedded cluster model with Yb as a central atom. We consider the clusters in which only the central atom and its nearest neighbors are accurately described (clusters of "minimal size" below) in order to have an opportunity to study them at different levels of correlation treatment, from the density functional theory (DFT) to the wave-function based methods. The main goal of this work is the development of the embedding model for the YbF2 and YbF3 structures for the evaluation of chemical shifts of Kα1, 2 lines.
COMPUTATIONAL DETAILS

Relativistic pseudopotential method
We employ the relativistic electronic structure model defined by the shape-consistent relativistic pseudopotential (RPP) method [7] for the ytterbium atom. In this paper, the valence version of the generalized RPP, vGRPP [8] , [9] , [10] , is applied, in which the semilocal RPP operator is utilized [11] .
The 4f shell in lanthanides is valence by energy, but it is localized in the outer-core spatial region. That leads to either the large number of explicitly treated electrons when using small-core RPP or to essentially lower accuracy for a small number of explicitly treated electrons (large-core RPP versions) in calculations of lanthanide compounds.
The goal of our study is to evaluate the XES chemical shifts, i.e. the property localized on ytterbium atom [4] . For the exact description of this property of ytterbium, we describe the atom as follows. The 28-electron innermost core, 1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 , is replaced by vGRPP, i.e. the small-core RPP version is assumed. The remaining (valence and outer-core) 42 electrons, which correspond to the 4s 2 4p 6 4d 10 4f 14 5s 2 5p 6 6s 2 5d 0 configuration, are explicitly included into the calculations. We call this RPP version as 42ve-RPP below.
For fluoride atoms nearest to the central Yb, we use the all-electron model.
Theoretical study of chemical shifts of X-ray emission lines
The calculation of chemical shifts of X-ray emission lines is usually a challenging problem for modern ab initio methods when studying compounds containing heavy atoms including transition metals, actinides, and lanthanides. The theoretical investigation of such systems should take into account both the relativistic and correlation effects very accurately. In references [4] and [5] , a method of evaluating chemical shifts of X-ray emission lines is described, which is applicable to such kind of systems. It is based on the relativistic pseudopotential model and one-center restoration approach [6] to recover a proper electronic structure in heavy-atom cores after the pseudopotential simulation of chemical compounds. An expression for chemical shift as a difference between mean values of certain one-electron effective operator is proposed there. It corresponds (in simple model cases but not generally) to the difference between the orbital energies of the initial and final shells in the compounds. It follows from [4] that the operator related to a XES chemical shifts is concentrated in the atomic core region. On the other hand, the main non-vanishing contribution to the matrix elements of this operator is due to the valence electrons, whereas the contributions from closed innercore shells compensate each other. It has been shown by our group (see Ref. [6] and references therein) that the procedure of evaluating such characteristics as XES chemical shifts can be significantly simplified by splitting the calculation into two steps. At the first step, the electronic correlation for valence electrons (and outer-core electrons for better accuracy) is taken into account in a molecular calculation using some method of electronic structure treatment (such as coupled cluster, configuration interaction, DFT, etc.). In turn, the core electrons (inner-core in our case with Yb) are excluded from the calculations with vGRPP [8] , [9] so that an accurate electronic structure of valence region is evaluated most economically. Since the inner-core parts of the valence one-electron "pseudo-wave functions" are smoothed within the vGRPP method; they have to be recovered using some core-restoration method [6] at the second step. The non-variation restoration technique, employed in the present work, is based on approximate proportionality of valence and virtual spinors in the inner-core region of heavy atoms (see, e.g., Ref. [9] for details). The two-step approach has been recently used in references [12] - [16] for calculating various characteristics, such as hyperfine structure constants, etc. in molecules and atoms. The two-step method has been also extended to the case of crystals in Ref. [17] . Comparison of the two-step approach (in which the inner-core electrons are treated as frozen) with the all-electron treatment was made in papers [17] [18] [19] , where an agreement on the level of accuracy of the used correlation methods is attained.
Modeling of the crystal structure
In our study, the experimental structural data for the crystals are used. The YbF2 crystal has Fm-3m (225) space group and its cell parameters are a = 0.55991 nm, b = 0.55991 nm, c = 0.55991 nm, α = 90°, β = 90°, γ = 90° [20] , and the YbF3 crystal has Pnma (62) space group and the cell parameters are a = 0.6218 nm, b = 0.6785 nm, c = 0.4431 nm, α = 90°, β = 90°, γ = 90° [21] .
We model the embedded cluster for structures of YbF2 and YbF3 crystals as follows. An ytterbium atom is considered as an origin in the clusters and its nearest coordination spheres are reproduced in accord to the positions of corresponding atoms in the unit cell.
Thus for the cluster simulation of the YbF2 crystal, eight fluorine atoms are located around the central ytterbium at a distance of 0.2424 nm. They form a cube which is centered at the origin of our cluster. These fluoride atoms constitute the first coordination sphere. It is important to reproduce the electronic structure of YbF2 within at least the "minimal cluster", YbF8, around Yb in order to evaluate XES chemical shifts on Yb rather accurately. Note also that for a cluster of such size (<10 atoms) most reliable wave-function based correlation methods can be applied in principle.
Further, at 0.3959 nm distance from the center, twelve Yb atoms are located (which constitute the second coordination sphere). The next (third) coordination sphere consists of twenty four fluorine atoms at a distance of 0.4643 nm. We replace these atoms by pseudopotentials to ensure the proper embedding of the above minimal cluster into the YbF2 crystal. Note that all these coordination spheres form highly symmetric substructures (see Figure 1) . Below, we designate this extended cluster as YbF8Yb12F24. The embedded cluster for the YbF3 crystal has a more complicated structure. If we look at the area around the central atom of the order of 0.46 nm (spatially-and size-balanced with the YbF8Yb12F24 cluster simulating the YbF2 crystal), we find there 33 fluorine atoms and 12 ytterbium atoms. Below we designate this cluster as YbF9Yb12F24. In Table 1 , the distances from the center for the corresponding atoms are listed.
The first coordination sphere of YbF9Yb12F24 cluster consists of nine fluorine atoms. It corresponds to the "minimal cluster" model, YbF9, for the YbF3 crystal. The other atoms in the YbF9Yb12F24 cluster are used to describe embedding of the YbF9 cluster to the crystal. It is finally used to evaluate the XES chemical shifts on the central Yb.
In contrast to the YbF8Yb12F24 case, we cannot uniquely identify the second and third coordination spheres (as those for atoms of the same kind) for the YbF9Yb12F24 cluster. Nevertheless, this is the cluster that is reasonable to use in the simulation of YbF3 crystal for the XES chemical shift evaluation (along with the YbF8Yb12F24 cluster simulating YbF2) based on the spatial-and size-balancing arguments. Thus, the second coordination region for YbF3 crystal contains both the ytterbium and fluorine atoms. The structure of the YbF9Yb12F24 cluster in the projections onto XY plane, XZ plane, YZ plane are shown in Figure 2 .
It should be noted that both the YbF8Yb12F24 and YbF9Yb12F24 clusters should be electrically neutral to avoid the unphysical charge transfer and convergence problems [22] . The simplest way to satisfy this is to model the same atoms in different coordination spheres by different ways.
As noticed above, the central ytterbium atom in the YbF8Yb12F24 cluster is described by the 42ve-RPP. The atom has an oxidation state +2. The basis sets (10s10p7d7f2g)/
[9s8p5d4f2g] for ytterbium compatible with the vGRPP was generated aimed for the relDFT calculations of Yb compounds.
Eight fluorine atoms of the first coordination sphere are included in the calculations with all electrons treated explicitly and aug-cc-pVTZ basis set was used for them [23] . The minimum cluster YbF8 has a formal charge of -6. Consequently, the remaining atoms of the YbF8Yb12F24 cluster must compensate this charge for electrical neutrality. So we simulate (an average) charge of +1.5 on each of twelve ytterbium atoms from second coordination sphere that roughly corresponds to a partial charge on Yb in the YbF2 compounds [24] . They are described by the 2ve-RPP (generated for the [Xe4f 14 ]6s 0.1 6p 0.1 5d 0.1 5f 0.1 5g 0.1 configuration) with the reduced effective nuclear charge (from +2 to +1.5) and minimal basis set (4s4p4d) used on these atoms. The fluorine atoms from the third coordination sphere are treated in the form of point-nuclei with effective charges of -0.5 (to satisfy the electroneutrality of the cluster) with minimal basis set (3s)/[2s] on them which corresponds to 3-21G basis set for H atom [25] . Figure 1 Now we consider the embedded cluster simulation of YbF3. In the case of YbF9Yb12F24 cluster, we use particularly generated pseudopotential and basis set for Yb atoms from the second coordination region and different effective charge on Yb and F atoms from this region. The cluster of minimal size, YbF9, has a total charge -6 like a minimal cluster YbF8. The charges on twelve ytterbium atoms are chosen as +2.5, which roughly (in average) correspond to partial charges on Yb in the YbF3 compounds [24] . These atoms are described by 3ve-RPP for ytterbium (generated for the [Xe4f 13 ]5d 0.6 6s 0.1 6p 0.1 configuration with the open 4f shell treated as a core shell, i.e. excluded from the explicit treatment). The effective nuclear charge was correspondingly reduced from +3 to +2.5. The basis set (7s5p3d) on these atoms was used. The twenty four fluorine atoms have a charge -1 and thus the electroneutrality of the cluster is satisfied.
RESULTS AND DISCUSSIONS
The calculations are performed within relHF and relDFT using the hybrid exchange-correlation functional PBE0 that comprise 25% of the Hartree−Fock exchange [26] , [27] . The computer code [28] was used.
The non-variation restoration code developed in references [14] , [17] , [29] , [30] was used to obtain the correct four-component electronic wave function near the Yb nucleus. Chemical shifts of Kα1, 2 lines were calculated at experimental structural data [20] , [21] by the method described in [4] , assuming the core restoration radius Rc = 0.55 a.u. (see Table 2 ). The experimental value for the chemical shift of Kα lines for the YbF3 crystal with respect to the YbF2 one was taken from Ref. [31] (the Kα1 and Kα2 lines were not resolved in the experiment). One can see that the PBE0 values are in a better agreement with the experimental data than the RHF ones that indicates the importance of accounting for correlation effects.
In order to compare our values with the experimental one, we use a weighted mean Kα theor = (2 Kα1 + Kα2)/3 = 605 meV (relDFT/PBE0), that agrees with the experiment within ca. 10%. The relHF method yields Kα theor = 677 meV overestimating the experimental datum by more than 20%.
CONCLUSIONS
The environments of Yb atoms in YbF2 and YbF3 crystals are simulated within a cluster model using embedding potential technique. Both RPPs and embedding potentials for Yb and F atoms were constructed. The cluster model allows one to use different levels of correlation treatment, from DFT to the coupled cluster one, and flexible basis sets for better control of the computational accuracy. The application of the latter is planed in further studies.
The chemical shifts for Kα1 and Kα2 lines in the YbF9Yb12F24 cluster with respect to YbF8Yb12F24 were calculated using the relHF method and relDFT with the hybrid functional PBE0.
The weighted mean of computed PBE0 chemical shifts for Kα lines agree within 10% with experimental datum that we consider as a good result, whereas the neglect of electron correlations within the relHF approximation leads to the overestimation of the chemical shift by more than 20%.
